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Abstract 

Background: Left ventricular hypertrophy (LVH) is a potent risk factor for sudden death and congestive heart 
failure. 

Methods: We tested the effect of sorafenib, a multikinase inhibitor (10 mg/kg, given orally, starting 2 days prior to 
banding, till sacrifice on day 14), on the development of LVH following aortic banding in rats. 

Results: The latter resulted in significant LVH caused by both an increase in cardiomyocyte volume and interstitial 
collagen deposition. The observed LVH was entirely blocked by sorafenib downregulating both of these 
components. LVH was associated with PDGF-BB and TGFpl overexpression, as well as phosphorylation of c-raf and 
ERK1/2. Additionally, the transcription factors c-myc and c-fos leading to proliferation as well as the hypertrophy-inducing 
transcription factor GATA4 and its regulated gene ANP were all upregulated in response to aortic banding. All these 
overexpressions and upregulations were inhibited upon sorafenib treatment. 

Conclusion: We show that sorafenib exhibits a regulatory role on the occurrence of LVH following AB in rats by 
blocking the rise in growth factors PDGF-BB and TGF(31, activation of the corresponding c-Raf-ERK1/2 signaling pathway 
and effector mechanisms, including GATA4 and ANP. This effect of sorafenib may be of clinical importance in 
modulating the maladaptive hypertrophic response to pressure overload. 
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Background 

Human left ventricular hypertrophy (LVH) is a feature of 
myocardial remodeling that may occur as a consequence 
of compensatory mechanisms to manage increased pres- 
sure overload as observed in essential arterial hyperten- 
sion or aortic valve stenosis. LVH is a potent risk factor 
for cardiac arrhythmias and sudden death, diastolic dys- 
function and congestive heart failure [1]. Adult cardio- 
myocytes are unable to divide and respond to stress and 
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growth stimuli by increasing their rate of protein synthe- 
sis, resulting in increased cell volume [2,3]. In addition 
to cardiomyocyte hypertrophy, pressure-overload causes 
interstitial cell proliferation and extracellular matrix pro- 
duction with increased perivascular and interstitial colla- 
gen deposition in spontaneously hypertensive rats [4], 
Pressure-overload results in the local release of ligands 
in cardiac tissue, including growth factors such as 
platelet- derived growth factor (PDGF) activating its tyro- 
sine kinase receptors [5,6], and transforming growth fac- 
tor p (TGF p) activating its serine-threonine kinase 
receptors [7-9]. The signaling pathways include the cas- 
cade of c-Raf (serine-threonine kinases) and its down- 
stream substrates mitogen- activated protein kinases 
(MAPK) [5,10,11]. The extracellular signal-regulated 
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kinases (ERK)l/2, a subgroup of MAPK, play a critical role 
in the regulation of gene expression leading to cardiac 
hypertrophy [12]. Activation of ERK1/2 by phosphoryl- 
ation has been associated with upregulation of cardiac 
transcription factors c-myc, c-fos and GATA4 [5,10]. 
GATA4 is a critical transcription factor of most cardiac- 
expressed structural genes and hypertrophy-related genes, 
including the atrial natriuretic peptide (ANP) gene 
[13,14]. In humans, mutations in c-Raf are associated with 
cardiac hypertrophy in genetic disorders such as Noonan 
syndrome suggesting an important role of c-Raf in patho- 
physiological modulation of cardiac hypertrophy [15]. 

Data accumulated from cancer research indicate a var- 
iety of theoretical parallels between signaling pathways that 
drive tumorigenesis [16,17], and those that regulate cardiac 
hypertrophy [5,10,11], a major common signal transduc- 
tion pathway being represented by the Raf-ERKl/2 cas- 
cade. Sorafenib is a multiprotein kinase inhibitor used as 
an antineoplasic agent, inhibiting the Raf serine/threo- 
nine kinase, as well as the VEGFR and PDGFR-p tyrosine 
kinases, and the c-kit tyrosine kinase. Recent studies 
show that sorafenib prevents the progression of right 
ventricular hypertrophy due to pulmonary hypertension 
in a rodent experimental model [18,19]. This prompted 
us to evaluate the effect of sorafenib on the development 
of left ventricular hypertrophy in a rodent experimental 
model of mechanically-induced pressure overload ob- 
tained by banding of the supra-renal aorta. 

Methods 

Experimental design 
Animals 

Male Lewis rats (Harlan, Holland) weighing 90-110 g 
were used and received humane care in strict accord- 
ance with the recommendations in the Guide for the 
Care and Use of Laboratory Animals of the National In- 
stitutes of Health. The protocol was approved by the 
Committee on the ethics of Animal Experiments of the 
Canton Zurich, Switzerland (Permit Number 122/2008). 
All surgery was performed under sodium pentobarbital 
anesthesia, and all efforts were made to minimize suffer- 
ing. Animals were maintained in standard housing con- 
ditions with dry diet and water available ad libitum. 

Treatment groups 

Animals were randomly assigned to receive sorafenib 
10 mg/kg (Bayer, Germany) or vehicle (NaCl 0.9%) once 
daily by gavage, starting 2 days prior to surgery and con- 
tinuing for 14 days thereafter. They were killed 12-14 
hours after the last gavage, and blood and tissue har- 
vested for subsequent analyses. 

Surgery 

Sorafenib- or solvent-treated animals were further ran- 
domly assigned to undergo aortic banding (AB) or sham 



operation. In banding animals, a median laparotomy was 
performed, the supra-renal aorta dissected free, and a 
ring of polyurethane (1 mm diameter) placed around the 
aorta and secured with 7/0 Prolene as described [20]. In 
control sham animals, a median laparotomy was per- 
formed and the supra-renal aorta dissected free without 
any placement of a ring. After euthanasia, the left myo- 
cardial ventricle was rapidly excised and weighed before 
tissue processing. The ventricular weight to body weight 
(VW/BW) ratio was used as the macroscopic indicator 
of left ventricular hypertrophy. 

Histological analysis 

After excision, the left myocardial ventricle was rapidly 
fixed in 10% formalin, and paraffin-embedded. Sections 
(7-|im) were processed for hematoxylin and eosin (H & 
E), and van Giesons staining (Elastica van Gieson Kit, 
Merck, Darmstadt, Germany) to detect collagen depos- 
ition (red color) indicative of cardiac fibrosis [21]. The 
stained sections were visualized under light microscopy 
(Vanox-S, Olympus, Tokyo, Japan), and photographed 
with a digital camera (U-PMTVC, Olympus, Tokyo, 
Japan). The cross-sectional area of cardiomyocytes was 
measured using the Image J 1.30v Software system in at 
least 10 different areas for each section. Results were ob- 
tained from 2-4 sections per rat for a total of 5 rats se- 
lected at random from the various treatment groups. 

PDGF-BB and TGF-pi ELISA 

The ventricular levels of PDGF-BB and TGF-pl were de- 
termined by using commercial ELISA kits (R&D Sys- 
tems, Minneapolis, MN) according to the manufacturer s 
recommendations. Briefly, 100 mg of snap-frozen ven- 
tricle tissue was homogenized in 500 \A of lysis buffer 
containing 50 mM Tris HC1 [pH 7.5], 150 mM NaCl, 
10 mM EDTA, 0.25% Triton X-100, 0.1% NP-40, 1 mM 
PMSF and cocktail protease inhibitors. The lysates were 
clarified at 14,000 g for 15 min at 4°C. ELISA levels were 
normalized to the total protein level (BCA Protein Assay 
kit, Pierce, Rockford, USA) for each sample. All mea- 
surements were performed in duplicate. 

Reverse transcription and quantitative polymerase chain 
reaction (RT-qPCR) 

Total RNA was extracted from the ventricular myocar- 
dium using RNeasy® Mini kit, including DNase treatment 
(Qiagen, Basel, Switzerland). Total RNA (2.5 \ig) was re- 
verse transcribed using a High-Capacity cDNA Archive 
Kit (Applied Biosystems, Rotkreuz, Switzerland) and 
MultiScribe reverse transcriptase (50 units/ (il), random 
hexamers, dNTPs, and RNase inhibitor (20 units/ (il) (all 
from Applied Biosystems). The reaction was performed 
in a total volume of 25 \A in a GeneAmp PCR thermocy- 
cler (Applied Biosystems) at 25°C for 10 min, followed by 
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2 hours at 37°C, and 10 min at 70°C Samples without 
enzyme in the RT reaction were used as negative con- 
trols to evidence the absence of contamination with gen- 
omic DNA. Predeveloped primer probes were used for 
ANP (Rn00561661_ml), GATA4 (Rn01530459_ml), c- 
myc (Rn00561507_ml) and c-fos (Rn02396759_ml) as 
well as the reference genes 18S rRNA and GAPDH (all 
from Applied Biosystems). Real-time quantitative PCR 
was performed on an ABI PRISM 7500 Sequence Detec- 
tion System ("TaqMan", Applied Biosystems, Darmstadt, 
Germany) using heat-activated TaqDNA polymerase 
(Amplitaq Gold; Applied Biosystems). After an initial 
2 min at 50°C, and 10 min at 95°C, the samples were sub- 
mitted to 40 cycles comprising 15 sec at 95°C for de- 
naturation and 60 sec at 60°C for hybridization and 
elongation. The expression of candidate genes was nor- 
malized to two reference genes (18S rRNA and GAPDH) 
giving comparable results and analyzed by the delta Ct 
method (Applied Biosystems). 

Collagen measurement 

Total soluble collagen in whole ventricle homogenate 
was quantified using the SirCol collagen assay (Biocolor, 
Belfast, UK). The ventricle homogenate of vehicle- or 
sorafenib-treated sham and aortic banding animals were 
prepared at day 14. Sirius Red (1 ml), an anionic dye that 
reacts specifically with (Gly-X-Y) n tripeptide in the 
triple-helix sequence of mammalian collagens under 
assay conditions, was added to ventricle homogenate 
(10 (il), and incubated under gentle rotation for 30 min 
at room temperature. After centrifugation for 10 min at 
12,000 the pelleted collagen-bound dye was dissolved 
with 1 ml of 0.5 M NaOH, and the absorbance was read 
at 540 nm. Results are presented as a ratio to the total 
protein content. All measurements were performed in 
duplicate. 

Western blot analysis 

The ventricle lysate was prepared in 50 mM Tris HC1 
[pH 7.5], 150 mM NaCl, 10 mM EDTA, 0.25% Triton X- 
100, 0.1% NP-40, 1 mM PMSF and cocktail inhibitors 
(Roche). Protein concentration was measured by the 
BCA technique. Proteins were separated (100 \ig per 
lane) on an SDS-polyacrylamide gel and transferred onto 
nitrocellulose membranes. Membranes were blocked for 
1 hour at room temperature in 5% non-fat milk with 
0.1% Tween 20 in Tris Buffer Saline (pH 7.4), and were 
probed overnight at 4°C with antibodies: rabbit anti-rat 
phospho-ERKl/2 (Thr202/Tyr204), mouse anti-rat total 
ERK1/2 (R&D biosystems; 1:1000), rabbit anti-rat 
phospho-c-Raf (Ser259) and rabbit anti-rat total c-Raf 
(Cell signaling; 1:1000). Blots were washed in TBS/0.1%- 
Tween-20 for 1 hour at room temperature, and incu- 
bated with the appropriate HRP-conjugated secondary 



antibody (Jackson ImmunoResearch Laboratories; 1/2000) 
in TBS/0.1% Tween-20/5% nonfat milk for 1 h. Bound 
antibodies were visualized using enhanced chemilumines- 
cence ECL kit (Perkin-Elmer, Boston, MA) according to 
the manufacturers instructions. Evaluation of the expres- 
sion of specific proteins was performed with the ImageJ 
1.30v Software system. 

Statistical analysis 

All data are results of 6 to 8 in vivo experiments, and are 
presented in figures as means ± SD (bars). An analysis of 
variance (ANOVA) followed by Tukey s multiple compari- 
sons test was performed to analyze the modulating effect 
of sorafenib on the development of LVH following aortic 
banding. Statistical analyses were performed using PRISM 
6 GraphPad software (GraphPad, La Jolla, CA, USA). P- 
values <0.05 were considered significant. 

Results 

Left ventricular hypertrophy 

Aortic banding in vehicle-treated animals induced sig- 
nificant left ventricular hypertrophy evidenced by a 25% 
increase in the VW/BW ratio (sham vehicle 2.9 ±0.1 vs 
aortic banding vehicle 3.6 ± 0.3 mg/kg, p < 0.0001). This 
hypertrophic response significantly decreased after soraf- 
enib treatment (sham sorafenib 2.5 ± 0.2 vs aortic band- 
ing sorafenib 2.7 ± 0.2, p < 0.2, and p < 0.0001 between 
banding vehicle and banding sorafenib) (Figure 1A). 

Aortic banding resulted in an increase in left ventricular 
cardiomyocyte cross-sectional area (sham vehicle 124.2 ± 
28.0 vs aortic banding vehicle 250.8 ± 78.1 um 2 , p < 
0.0001) (Figure IB), as well as interstitial matrix depos- 
ition quantified by myocardial total collagen (sham ve- 
hicle 5.1 ± 1.2 vs aortic banding vehicle 7.5 ± 0.4 (ig/mg 
protein, p < 0.0001) (Figure 2A and 2B) (p < 0.0001, 
Figure 2B). Sorafenib entirely prevented left ventricular 
hypertrophy by abolishing both cardiomyocyte hyper- 
trophy (sham sorafenib 117.2 ± 19.8 vs aortic banding so- 
rafenib 119.7 ±10.9 (im 2 , p = 0.2) and interstitial matrix 
deposition (sham sorafenib 5.8 ± 1.1 vs aortic banding so- 
rafenib 5.6 ± 0.8 (ig/mg protein, p = 0.2, and p < 0.0001 be- 
tween banding vehicle and banding sorafenib) (Figure 2A 
and 2B). 

Growth factor expression 

Pressure overload-induced left ventricular hypertrophy 
was associated in vehicle-treated animals with significant 
increase in myocardial content of the pro-hypertrophic 
factors platelet-derived growth factor BB (PDGF-BB) 
(1.3-fold increase, Figure 3 A) and transforming growth 
factor |31 (TGF- (31) (2.5-fold, Figure 3B) (p < 0.0001 for 
banding vehicle vs sham vehicle for both). Sorafenib 
treatment totally abolished the overexpression of both 
myocardial growth factors PDGF-BB (Figure 3A) and 
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Figure 1 Sorafenib prevents the development of pressure overload-induced left ventricular hypertrophy (LVH) and cardiomyocyte 
volume. A. Following aortic banding (AB), LVH is anatomically evidenced by a significant rise in the ventricular weight to body weight (VW/BW) 
ratio (p < 0001, ***), which was blocked by sorafenib (p < 0001, ***). B. The observed LVH following AB is histologically accounted for by an 
increase in cardiomyocyte volume reflected by a significant increase in the cardiomyocyte cross-sectional area (CSA) expressed in um2 (p < 0001, 
***). This component of LVH was totally blocked by sorafenib treatment (p < 0.0001, ***). Cardiomyocyte CSA was measured in 10 different areas 
per section. Results were obtained from 2-4 sections per rat for a total of 6 rats selected at random from each group. 




Vehicle Sora 10 



Figure 2 Sorafenib blocks interstitial collagen deposition 
following aortic banding. A. Interstitial collagen deposition 
following AB is evidenced by van Gieson's staining and 
predominantly localizes to perivascular spaces. Sorafenib prevents 
interstitial collagen deposition after AB. B. Quantitative measurement 
of tissue collagen by SirCol assay normalized to total protein content 
(ug/mg). Sorafenib blocks this component of LVH (p < 0001, ***). 
All measurements were performed in duplicate. 



TGF-fil (Figure 3B) in banding animals (p < 0.0001 for 
vehicle vs sorafenib). 

Signaling pathways 

Aortic banding resulted in a 2.2-fold increased phos- 
phorylation of c-Raf (Figure 4A) and of its downstream 
kinase ERK1/2 (1.8-fold increase, Figure 4B) (p < 0.0001 
for banding vehicle vs sham vehicle for both). Sorafenib 
treatment totally abolished the increased phosphoryl- 
ation of c-Raf as well as ERK 1/2 (p < 0.0001 for banding 
vehicle vs banding sorafenib for both). 

Expression of the pro-proliferative and pro-hypertrophic 
transcription factors 

Activation of the c-Raf/ERK pathway following AB was 
accompanied in vehicle-treated animals by a significant 
increase in the expression of pro-proliferative nuclear 
transcription factor mRNA: 1.7-fold increase in c-myc 
(Figure 5 A) and 2.1 -fold increase in c-fos (Figure 5B). 
Additionally, a 2.6-fold increase in the expression of the 
pro-hypertrophic transcription factor GATA4 was ob- 
served (Figure 5C) (p < 0.0001 for banding vehicle vs 
sham vehicle for all three factors). 

Sorafenib totally abolished the increase in nuclear tran- 
scription factor mRNA expression, c-myc (Figure 5A), c- 
fos (Figure 5B) and GATA4 (Figure 5C) in banding animals 
(p < 0.0001). 

Expression of the pro-hypertrophic factor ANP mRNA 

Transcription of the pro-hypertrophic factor ANP is 
under direct control of GATA4. As expected, ANP 
mRNA expression was enhanced in vehicle-treated AB vs 
sham-operated animals, and reached a 10-fold increase 
after aortic banding (p < 0.0001, Figure 6). Again sorafe- 
nib totally abolished the increase in ANP mRNA expres- 
sion in banding animals (p < 0.0001, Figure 6). 
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Figure 3 Sorafenib inhibits the over expression of growth factors in myocardium. Tissue levels are determined by ELISA normalized to total 
protein content (pg/mg). A. Sorafenib abolishes the over expression of myocardial PDGF-BB levels in banded animals (p < 0001, ***). B. Sorafenib 
suppresses over expression of the pro-fibrotic growth factor TGF(31 in myocardium in banded animals (p < 0001, ***). All measurements were 
performed in duplicate. 



Discussion 

Our study reports that the pressure overload induced by 
banding of the supra-renal aorta in Lewis rats resulted 
in significant LVH that was entirely blocked by treat- 
ment with the multikinase inhibitor sorafenib. This 
mechanically-induced pressure overload following band- 
ing closely mimics the clinical setting of patients with 
left ventricular hypertrophy due to aortic valve stenosis 
or essential arterial hypertension [3,20]. This left ven- 
tricular hypertrophy was associated with PDGF-BB and 
TGFftl overexpression, as well as with phosphorylation 



of their c-raf and ERK1/2 signaling pathways, all of 
which were downregulated by sorafenib treatment. The 
transcription factors c-myc and c-fos leading to prolifer- 
ation were also upregulated in response to aortic band- 
ing, as well as the hypertrophy-inducing transcription 
factor GATA4 and its regulated gene ANP. All of these 
were downregulated by sorafenib treatment as resumed 
in Figure 7. 

Sorafenib was administered as a daily oral treatment at 
the dose of 10 mg/kg, as based on experimental reports 
in the rat [18,19,22], in preclinical murine models of 
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Figure 4 Sorafenib prevents phosphorylation of c-Raf and ERK1/2 in myocardium following AB. Left panel: representative Western blot for 
phosphorylated (upper band) and total (lower band) kinases from ventricle tissue. Right panel: ratios of phosphorylated to total kinases are presented 
as histograms. A. c-Raf phosphorylation is inhibited by sorafenib treatment in banded animals (p < 0001, ***). B. ERK1/2 phosphorylation is blocked by 
sorafenib treatment in banded animals (p < 0001, ***). 
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Figure 5 Sorafenib regulates the increased expression of nuclear transcription factors resulting from AB. mRNA of c-myc (A) and c-fos 
(B) and GATA4 (C) are measured by reverse transcription quantitative polymerase chain reaction (RT-qPCR), and normalized to the reference gene 
GAPDH. Increased expression of pro-proliferative transcription factors c-myc (A) and c-fos (B) and pro-hypertrophic factor GATA4 (C) in AB as 
compared to sham-operated animals (p < 0.0001, *** for banding vehicle versus sham vehicle for all three factors) is inhibited by sorafenib 
(p < 0.0001, *** for banding vehicle versus banding sorafenib for all three factors). All measurements were performed in duplicate. 



cancer [23,24], as well as in cancer patients [24]. Sorafe- 
nib is reported to inhibit in particular the Raf serine/ 
threonine kinase isoforms both in vitro and in vivo in 
various cancer models in the mouse and rat [24]. This 
signaling pathway is described as playing a central 



0.25 




Vehicle Sora 10 

Figure 6 Sorafenib abolishes up-regulation of the pro- 
hypertrophic factor gene atrial natriuretic peptide ANP in 
banded animals (p<0001, ***). ANP mRNA is measured by RT-qPCR 
and normalized to the reference gene GAPDH. All measurements 
were performed in duplicate. 



regulatory role in the genesis of pressure overload- 
induced hypertrophy [5,10]. In patients with Noonan and 
Leopard syndromes, presenting genetic disorders involv- 
ing mutations in c-Raf, cardiac hypertrophy is one of de- 
velopmental organ anomalies suggesting an important 
role of c-Raf in pathophysiological modulation of cardiac 
hypertrophy [15]. In accordance with this, we show here 
that pressure overload-induced left ventricular hyper- 
trophy leads to the Raf cascade activation as evidenced 
by raf and ERK phosphorylation, and that this activation 
was blocked by sorafenib treatment. In addition, sorafe- 
nib is reported to inhibit the PDGFRft tyrosine kinase 
[25]. Our study adds here the new information that soraf- 
enib decreases production of the PDGFRft agonist 
platelet-derived growth factor BB (PDGF-BB) whose ex- 
pression is increased in animals presenting LVH follow- 
ing aortic banding. PDGF-BB is a growth factor that may 
in this study account for the increase in cardiomyocyte 
volume evidenced on histological cross-sections. Such a 
role was also reported in the development of myocardial 
hypertrophy in spontaneously hypertensive rats [26]. 
Thus, both inhibition of c-Raf and reduction in growth 
factor production may have participated in prevention of 
ERK 1/2 phosphorylation and activation, and thereby in 
prevention of left ventricular hypertrophy by sorafenib. 



Daryadel et al. Journal of Cardiothoracic Surgery 2014, 9:81 
http://www.cardiothoracicsurgery.org/content/971/81 



Page 7 of 9 



Effect of sorafenib 
on 




Collagen deposition hypertrophy 

Figure 7 Schematic representation of the blocking effect of sorafenib on development of left ventricle hypertrophy (LVH) induced by 
aortic banding. Mechanical stretch induced by pressure overload results in over-expression of growth factors, PDGF-BB and TGF(31 in 
myocardium [5]. The original finding of this study shows sorafenib to inhibit the up-regulation of these growth factors following AB. 
Phosphorylation and hence activation of PDGF(3R and TGF(31R is known to activate the downstream signaling pathway of c-Raf/ERK1/2 [10]. 
Sorafenib is reported to block phosphorylation and activation of PDGF(3R and c-Raf in cancer studies [23]. By blocking the c-Raf/ERK1/2 cascade, 
sorafenib down-regulates the expression of pro-proliferative (c-myc, c-fos) and pro-hypertrophic (GATA4) transcription factors as well. One of the 
pro-hypertrophic effector mechanisms regulated by GATA4 is ANP [14] which is in turn suppressed by sorafenib treatment. The sum of the 
inhibitory effects of sorafenib ends at the suppression of cardiomyocyte hypertrophy as well as of interstitial collagen deposition, the two main 
components of LVH. Blocking effect of sorafenib on expression of growth factor as demonstrated in this study. Blocking effect of sorafenib 
previously reported by Wilhelm et al. [23]. 



On the other hand, we show here a rise in the pro- 
fibrotic TGF-pl in cardiac tissue after banding, and this 
was associated with enhanced interstitial collagen depos- 
ition, as evidenced by collagen measurements and van 
Giesons localization. Sorafenib inhibited both the rise in 
TGFpl and collagen in cardiac tissue, thus preventing 
the essential component of left ventricular hypertrophy, 
i.e. interstitial collagen deposition. 

In line with other reports [5,10], the phosphorylation 
and activation of c-Raf-ERKl/2 signaling pathway was 
accompanied with up-regulation of the cardiac tran- 
scription factors c-myc and c-fos implicated in cell pro- 
liferation and fibrosis. As expected, sorafenib down- 
regulated the expression of these transcription factors, 
resulting from blockade of the ERK1/2 pathway by soraf- 
enib as reviewed in Gupta et a\. [3]. Indeed, phosphoryl- 
ation of ERK1/2 induces increases in both c-myc [12] 
and c-fos expression [27], thereby allowing interstitial 
cell proliferation, fibrosis and collagen deposition, all of 
which being blocked by sorafenib. 

Activation of the c-Raf-ERKl/2 pathway also activates 
the cardiac transcription factor GATA4 in cardiomyo- 
cyte hypertrophy [5], which is in accordance with results 
reported here. A large body of evidence suggests that 



GATA4 is an important regulator of cardiac genes in- 
volved in pressure overload-induced cardiac hypertrophy 
[5,13], including the hypertrophic agent ANP [14,28]. In- 
deed, we show an increased expression of GATA4 and of 
ANP, the latter reaching 10-fold increase following pres- 
sure overload induction in this study. In this line of evi- 
dence, our report clearly shows that sorafenib suppressed 
expression of both the pro-hypertrophic effector ANP 
and its transcription factor GATA4, and that sorafenib 
may therefore be an interesting treatment strategy for 
cardiac hypertrophy. 

The present study evidences a preventive effect of so- 
rafenib, that was administered prior to induction of 
mechanical pressure overload during a relatively short 
period of 2 weeks. The choice of this observation period 
was based on the fact that in this model left ventricular 
hypertrophy was already present at one week and near 
maximal at two weeks following aortic banding (personal 
data). The effect of sorafenib on established left ventricu- 
lar hypertrophy, and of its administration over a longer 
period in healthy and in (de) -compensated hypertrophic 
hearts will need to be further addressed, together with 
modifications of hemodynamic parameters that could ac- 
count for the survival of banded animals under sorafenib. 
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Recent evidence indicates that in some instances, car- 
diotoxicity occurs after use of kinase inhibitors including 
sorafenib in cancer patients [29]. With regard to sorafe- 
nib, acute coronary syndrome and arterial hypertension 
have been reported in a limited number of patients 
treated for renal cell carcinoma or melanoma [30]. The 
mechanisms involved in the cardiotoxicity of sorafenib 
remain presumptive. While inhibition of oRaf by sorafe- 
nib has been sggested as underlying its cardiotoxicity 
[29], it was also submitted that sorafenib did not exert 
its damaging effects through RAF inhibition of the RAF/ 
MEK/ERK kinase cascade [31]. Our finding of inhibition 
of phosphorylation and activation of ERK1/2 by sorafe- 
nib after aortic banding is in clear contrast with results 
observed in vitro by Hasinoff and Patel after treatment 
of isolated cardiomyocytes by sorafenib [31]. Their study 
reports an increase of the basal phosphorylation of 
ERK1/2 by sorafenib in vitro. Different experimental 
models, as unstimulated in vitro (31) and in pathological 
situation in vivo (our study) may account for these op- 
posed effects of sorafenib on c-Raf/ERK pathway. 

Conclusions 

We show here that sorafenib exhibits a regulatory role 
on the occurrence of left ventricular hypertrophy by 
blocking the rise in growth factors, and activation of the 
corresponding c-Raf-ERKl/2 signaling pathway and ef- 
fector mechanisms including ANP production. This ef- 
fect of sorafenib may be of importance in modulating 
the maladaptive hypertrophic response to pressure over- 
load. Left ventricular hypertrophy due to systemic arter- 
ial hypertension or aortic valve stenosis is a frequently 
encountered situation in the clinical setting. The main 
new finding of this study of prevention of left ventricular 
hypertrophy by sorafenib in banded animals could there- 
fore be potentially of clinical interest. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

Conceived and designed the experiments: RT, AD, AB. Performed the 
experiments: RT, AD. Analyzed and discussed the data: RT, NF, CL, BS, MG. 
Contributed reagents/materials/analysis tools: GZ, XM. Wrote the paper: RT, 
NF. All authors read and approved the final manuscript. 

Acknowledgements 

We warmly thank Vlasta Strohmeier and Beat Grenacher for their excellent 
technical assistance. 

Grants 

Swiss National Foundation Number 31 003B-1 16433 to RT and AB St Jude 
Medical (Switzerland) to RT. 

Author details 

institute of Physiology, University of Zurich, Zurich, Switzerland, institute of 
Veterinary Physiology, University of Zurich, Zurich, Switzerland. 3 Zurich 
Center for Integrative Human Physiology, University of Zurich, Zurich, 
Switzerland, department of Cardiac Surgery, Canton Hospital Lucerne, 
Lucerne, Switzerland. 5 Swiss Center for Regenerative Medicine and Clinic for 



Cardiovascular Surgery, University Hospital Zurich, Zurich, Switzerland. 
6 Division of Biostatistics, Institute of Social and Preventive Medicine, 
University of Zurich, Zurich, Switzerland. 7 Laboratoire d'lnnovation 
Therapeutique, Unite Mixte de Recherche 7200, Centre National de la 
Recherche Scientifique-Universite de Strasbourg, Faculte de Pharmacie, 
F-67400, lllkirch, France. 

Received: 28 November 2013 Accepted: 6 May 2014 
Published: 9 May 2014 



References 

1. Kang YJ: Cardiac hypertrophy: a risk factor for QT-prolongation and 
cardiac sudden death. Toxicol Pothol 2006, 34:58-66. 

2. Ruwhof C, van der Laarse A: Mechanical stress-induced cardiac 
hypertrophy: mechanisms and signal transduction pathways. Cardiovasc 
Res 2000, 47:23-37. 

3. Gupta S, Das B, Sen S: Cardiac hypertrophy: mechanisms and therapeutic 
opportunities. Antioxid Redox Signal 2007, 9:623-652. 

4. Lin J, Davis HB, Dai Q, Chou YM, Craig T, Hinojosa-Laborde C, Lindsey ML: 
Effects of early and late chronic pressure overload on extracellular matrix 
remodeling. Hypertens Res 2008, 31:1225-1231. 

5. Muslin AJ: MAPK signaling in cardiovascular health and disease: 
molecular mechanisms and therapeutic targets. Clin Sci (Lond) 2008, 
115:203-218. 

6. Andrae J, Gallini R, Betsholtz C: Role of platelet-derived growth factors in 
physiology and medicine. Genes Dev 2008, 22:1276-1312. 

7. Koitabashi N, DannerT, Zaiman AL, Pinto YM, Rowell J, Mankowski J, Zhang D, 
Nakamura T, Takimoto E, Kass DA: Pivotal role of cardiomyocyte TGF-beta 
signaling in the murine pathological response to sustained pressure 
overload. J Clin Invest 201 1 , 121:2301 -231 2. 

8. Morrell NW: Pulmonary hypertension due to BMPR2 mutation: a new 
paradigm for tissue remodeling? Proc Am Thorac Soc 2006, 3:680-686. 

9. Kobayashi N, Nakano S, Mori Y, Mita S, Kobayahi T, Honda T, Tsubokou Y, 
Matsuoka H: Betaxolol inhibits extracellular signal-regulated kinase and 
P70S6 kinase activities and gene expressions of platelet-derived growth 
factor A-chain and transforming growth factor-betal in Dahl salt- 
sensitive hypertensive rats. Hypertens Res 2002, 25:21 1-219. 

10. Heineke J, Molkentin JD: Regulation of cardiac hypertrophy by 
intracellular signaling pathways. Nat Rev Mol Cell Biol 2006, 7:589-600. 

1 1 . Harris IS, Zhang S, Treskov I, Kovacs A, Weinheimer C, Muslin AJ: Raf-1 
kinase is required for cardiac hypertrophy and cardiomyocyte survival in 
response to pressure overload. Circulation 2004, 110:718-723. 

12. Bueno OF, Molkentin JD: Involvement of extracellular signal-regulated 
kinases 1/2 in cardiac hypertrophy and cell death. Ore Res 2002, 
91:776-781. 

13. Bisping E, Ikeda S, Kong SW, Tarnavski 0, Bodyak N, McMullen JR, Rajagopal 
S, Son JK, Ma Q, Springer Z, Kang PM, Izumo S, Pu WT: Gata4 is required 
for maintenance of postnatal cardiac function and protection from 
pressure overload-induced heart failure. Proc Natl Acad Sci 2006, 

103:14471-14476. 

14. Gardner DG, Chen S, Glenn DJ, Grigsby CL: Molecular biology of the 
natriuretic peptide system: implications for physiology and 
hypertension. Hypertension 2007, 49:41 9-426. 

15. Del Re DP, Sadoshima J: Is Rafl a nexus for cardiac hypertrophic signaling 
in human disease? J Moll Cell Cardiol 201 1, 55:1-3. 

16. Gollob JA, Wilhelm S, Carter C, Kelley SL: Role of Raf kinase in cancer: 
therapeutic potential of targeting the Raf/MEK/ERK signal transduction 
pathway. Semin Oncol 2006, 33:392-406. 

17. Dal Lago L, D'Hondt V, Awada A: Selected combination therapy with 
sorafenib: a review of clinical data and perspectives in advanced solid 
tumors. Oncologist 2008, 1 3:845-858. 

18. Klein M, Schermuly RT, Ellinghaus P, Milting H, Riedl B, Nikolova S, 
Pullamsetti SS, Weissmann N, Dony E, Savai R, Ghofrani HA, Grimminger F, 
Busch AE, Schafer S: Combined tyrosine and serine/threonine kinase 
inhibition by sorafenib prevents progression of experimental pulmonary 
hypertension and myocardial remodeling. Circulation 2008, 
118:2081-2090. 

19. Moreno-Vinasco L, Gomberg-Maitland M, Maitland ML, Desai AA, Singleton 
PA, Sammani S, Sam L, Liu Y, Husain AN, Lang RM, Ratain MJ, Lussier YA, 
Garcia JGN: Genomic assessment of a multikinase inhibitor, sorafenib, in 



Daryadel et al. Journal of Cardiothoracic Surgery 2014, 9:81 
http://www.cardiothoracicsurgery.org/content/971/81 



Page 9 of 9 



a rodent model of pulmonary hypertension. Physiol Genomics 2008, 
33:278-291. 

20. Allard MF, Schonekess BO, Henning SL, English DR, Lopaschuk GD: 
Contribution of oxidative metabolism and glycolysis to ATP production 
in hypertrophied hearts. Am J Physiol 1994, 267(2 Pt 2):H742-H750. 

21. Li Y, Saito Y, Kuwahara K, Rong X, Kishimoto I, Harada M, Adachi Y, 
Nakanishi M, Kinoshita H, Horiuchi M, Murray M, Nakao K: Guanylyl 
cyclase-A inhibits angiotensin II type 2 receptor-mediated pro- 
hypertrophic signaling in the heart. Endocrinology 2009, 150:3759-3765. 

22. Mejias M, Garcia-Pras E, Tiani C, Miquel R, Bosch J, Fernandez M: Beneficial 
effects of sorafenib on splanchnic, intrahepatic, and portoco I lateral 
circulations in portal hypertensive and cirrhotic rats. Hepatology 2009, 
49:1245-1256. 

23. Wilhelm S, Carter C, Lynch M, Lowinger T, Dumas J, Smith RA, Schwartz B, 
Simantov R, Kelley S: Discovery and development of sorafenib: 

a multikinase inhibitor for treating cancer. Nat Rev Drug Discov 2006, 
5:835-844. 

24. Wilhelm SM, Adnane L, Newell P, Villanueva A, Llovet JM, Lynch M: 
Preclinical overview of sorafenib, a multikinase inhibitor that targets 
both Raf and VEGF and PDGF receptor tyrosine kinase signaling. 
Mol Cancer Ther 2008, 7:3129-3140. 

25. Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, Chen C, 
Zhang X, Vincent P, McHugh M, Cao Y, Shujath J, Gawlak S, Eveleigh D, 
Rowley B, Liu L, Adnane L, Lynch M, Auclair D, Taylor I, Gedrich R, 
Voznesensky A, Riedl B, Pot LE, Bollag G, Trail P: BAY 43-9006 exhibits 
broad spectrum oral antitumor activity and targets the RAF/MEK/ERK 
pathway and receptor tyrosine kinases involved in tumor progression 
and angiogenesis. Cancer Res 2004, 64:7099-7109. 

26. Liu J, Bai H, Xing DQ, Sun YP, Wu LL: Role of platelet-derived growth 
factor receptor-mediated signal transduction in myocardial hypertrophy 
of spontaneously hypertensive rats. Sheng Li Xue Bao 2002, 54:159-164. 

27. Karin M: The regulation of AP-1 activity by mitogen-activated protein 
kinases. Philos Trans R Soc Lond B Biol Sci 1 996, 351 :1 27-1 34. 

28. Oka T, Mai I let M, Watt AJ, Schwartz RJ, Aronow BJ, Duncan SA, Molkentin 
JD: Cardiac-specific deletion of Gata4 reveals its requirement for 
hypertrophy, compensation, and myocyte viability. Ore Res 2006, 
98:837-845. 

29. Orphanos GS, loannidis GN, Ardavanis AG: Cardiotoxicity induced by 
tyrosine kinase inhibitors. Acta Oncol 2009, 48:964-970. 

30. Force T, Krause DS, Van Etten RA: Molecular mechanisms of cardiotoxicity 
of tyrosine kinase inhibition. Nat Rev Cancer 2007, 7:332-344. 

31. Hasinoff BB, Patel D: Mechanisms of myocyte cytotoxicity induced by the 
multikinase inhibitor sorafenib. Cardiovasc Toxicol 2010, 10:1-8. 



doi:1 0.1 186/1749-8090-9-81 

Cite this article as: Daryadel et al.: Multikinase inhibitor sorafenib 
prevents pressure overload-induced left ventricular hypertrophy in rats 
by blocking the c-Raf/ERK1/2 signaling pathway. Journal of Cardiothoracic 
Surgery 201 4 9:81. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at (^\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ ™omea centra 1 



